The shot noise in a quantum ring, connected to leads, is studied in the presence of electron interactions in the sequential tunneling regime. Two qualitatively different noise correlations with distinctly different behaviors are identified and studied in a large range of parameters. Noise in the total current is due to the discreteness of the electron charge and can become super-Poissonian as a result of electron interaction. The noise in the magnetization current is comparatively insensitive to the interaction but can be greatly enhanced if an inversion of the populating ratio of the angular states is assumed. The characteristic time scales are studied by a Monte Carlo simulation.
I. INTRODUCTION
Noise is nowadays known to be a key tool in studying the non-equilibrium transport properties of mesoscopic quantum systems. 1 The shot noise of an electron system is strongly affected by the Pauli principle and Coulomb interactions. 1 In a Coulomb blockaded system both these effects generally lead to a suppression of the zero-frequency noise with respect to the Poissonian limit 2eI, 2,3 nevertheless several mechanisms leading to an enhancement of the shot noise have recently been proposed and observed. Super-Poissonian noise has been measured in resonant tunneling structures [4] [5] [6] and it is expected to be found in single electron devices in connection with negative differential conductance 7 as well as in the presence of magnetic field or ferromagnetic leads. 8 The shot noise of a spinless one-dimensional ͑1D͒ quantum dot embedded in a Luttinger liquid ͑LL͒ has also been studied, assuming both fast plasmon relaxation toward thermal equilibrium and a nonequilibrium plasmon distribution. Interestingly, while in the first case the noise has been found to be sub-Poissonian, 9 a substantial enhancement of the noise power has been predicted in the latter case. 10 Finally, the spin-resolved shot noise has been used to show that repulsive interactions may also lead to weak attractive correlations in conditions far from equilibrium. 11 In this work, we study current correlations in a 1D quantum ring, connected via tunnel contacts to external leads, in the presence of interactions. This geometry permits us to analyze the interplay between interaction, Coulomb blockade, and Aharonov-Bohm interference. Signatures of this interplay were found both in the behavior of the linear conductance, 12 as well as in the richness of the interactioninduced noise features that are shown in the following.
We characterize the noise by considering both the charge current noise ͑related to the fluctuations of the tunneling current͒ and the magnetization current noise ͑related to the fluctuations of the persistent current͒. Our main results are as follows: ͑i͒ regions of super-Poissonian charge noise can be found whenever high orbital channels contribute to transport. ͑ii͒ Charge noise is sensitive to the asymmetry of the tunnel barriers. ͑iii͒ The charge noise can be tuned from sub-to super-Poissonian, changing the Aharonov-Bohm flux. ͑iv͒ The magnetization noise is considerably stable with respect to the asymmetry and the presence of interactions. In order to access a regime of high magnetization noise, it is necessary to have an inversion of the populating ratio of the orbital states. All these phenomena cannot be observed in a noninteracting system and should be accessible with presently available experimental technology.
II. MODEL
For the isolated quantum ring we assume a spinless Luttinger liquid with density-density electron interactions ͑g interaction parameter, g = 1 no interaction͒,
The zero mode N = N + + N − represents the total number excess of electrons, J = N + − N − gives the imbalance between clockwise ͑N + ͒ and anticlockwise ͑N − ͒ moving electrons, and N,J have integer eigenvalues with selection rules
The gate charge is N g , the flux is ⌽, and ⌽ 0 = h / e is the flux quantum, e being the absolute value of the electron charge. The charging energy E N is mainly due to the Coulomb interaction and influenced by the coupling with the external circuit. It is the largest energy scale in the model. The orbital addition energy is 15 or in quantum wires. 16 The difference of their chemical potential is controlled by the external bias voltage 2 − 1 = eV.
For weak coupling ͑level broadening due to tunneling much smaller than temperature and level spacing͒ the electronic states ͉␣͘ are occupied with probability P ␣ ͑t͒. We assume fast plasmon relaxation ͑see Ref. 10 for the opposite situation͒ towards thermal equilibrium, and we consider k B T, eV Ӷ E N so that the transport is governed by just two charge states N and N + 1. The ring states are then completely characterized by their angular degree of freedom J. From now on we assume that N is even and we will omit this index. In the nonlinear regime ͑eV Ͼ E J ͒ many orbital states J min ഛ J ഛ J max contribute to transport. For ⌽ =0, J max =−J min . Schemes of the relevant transport states are shown in Fig. 1 .
The vector ͉P͘ϵ͕P J min , … , P J max ͖ represents the occupation probability distribution and it evolves according to the master equation 
where l , ͗q l ͉, and ͉p l ͘ are, respectively, the eigenvalues, and the left and right eigenvectors of M. In our case the matrices
Note that 0 = 0 so that ͉p 0 ͘ is the stationary probability distribution vector so that the current through the i-th barrier can be written as ͗I ͑i͒ ͘ =−e͗q 0 ͉V ͑i͒ ͉p 0 ͘. Because of charge conservation, ͗I ͑i͒ ͘ϵ͗I ͘ and S ͑ij͒ ϵ S , independently of the barrier indices.
III. RESULTS

A. Zero magnetic flux
We first assume zero flux ⌽ = 0 so that ␥ j→j±1
͑i͒ ͑j Ͼ 0͒, because of the degeneracy of the angular states. We focus on the case where the voltage configuration allows J max = 2 at most ͓Fig. 1͑a͔͒ so that M is a 5ϫ 5 tridiagonal matrix. By means of formula ͑3͒, it is an easy task to calculate the noise S . It is customary to refer to the charge current Fano factor F N = S N /2e͉͗I N ͉͘ and, analogously, we define an angular current Fano factor F J = S J /2e͉͗I N ͉͘ related to fluctuations of I J . We quote below only the zero-temperature results which, however, describe very accurately the temperature regime k B T Ͻ 0.1E J ,
Here, r 2 represents the escape ratio from J = 0 and ͉J͉ =2, r 1 is the populating ratio between the angular states ͉J͉ = 2 and J = 0, and r 1 · r 2 is the stationary occupation probability ratio 2P 2 / P 0 . The corresponding dwell times
, and 2 −1 = ␥ 2→1 ͑2͒ . For J max =1 ͓Fig. 1͑a͒, yellow͔, r 1 = 0 and the above expressions reduce to the results for a three-channel system, F N Ͻ 1 and F J =1, 11,18 which implies F +− ϰ ͑F N − F J ͒ Ͻ 0. For J max =2 ͓Fig. 1͑a͒, cyan͔, r 1 0, and a new dynamics is found. In this case, when the degeneracy of the dwell times 0 and 2 is lifted, r 2 1, the charge noise becomes super-Poissonian, F N Ͼ 1, for asymmetries of the two barriers larger than
͑the asymmetry A is defined as the ratio of the hightemperature tunneling resistances of the two barriers͒. The ␥ rates are defined modulo the latter resistances. The angular Fano factor F J depends only on r 1 , and F J Ͼ 1 can be achieved when r 1 Ͼ 1 with what we call an inversion of the populating ratio, i.e., when the transition 1 → 2 leading to the more energetic state ͉J͉ = 2 becomes stronger than the one going to the ground state 1 → 0 ͓cf. Eq. ͑7͔͒. For interaction 0.5Ͻ g Ͻ 1, the region with J max = 2 is split by the line E 2→1 = eV /2+E N ͑N g −1/2͒ +3E J /2= ͓green line in Fig. 1͑a͔͒ , corresponding to the transition 2 → 1 with a plasmonic excitation in the final state. We denote these regions as I and II, depending on E 2→1 Ͻ or Ͼ. If g = 1, only region II is present; if g Ͻ 0.5, there is only region I. Figure 2 shows charge and magnetization Fano factors along the dashed-dotted line in Fig. 1͑a͒, i. e., as a function of ͑eV − 2.43E J ͒ / , where V varies according to N g =1/2 + 0.93E J / E N − eV /2E N . Without interaction ͑gray line͒ the degeneracy of the plasmon energy, =2E J , implies r 2 = 1 and r 1 Ͻ 1, leading always to sub-Poissonian noise. With interaction one has r 2 1 so that F N Ͼ 1 if A Ͼ A c . This result is robust against changes of strength and sign of the interaction. For F J , the sign of the interaction is crucial. Only for attractive leads, g ᐉ Ͼ 1, it is possible to achieve an inversion of populating ratio with F J Ͼ 1 ͓Fig. 2͑b͒, dotted line͔.
In region I, for g Ͻ 1 and g ᐉ = 1, it is always r 2 = 2, and one can identify two energy intervals, ± ͑n͒, corresponding to different populating regions: r 1 =1 in − ͑n͒ and r 1 = n / ͑n +1͒ in + ͑n͒. Referring to Fig. 2 , − ͑n͒ is given by ͑n −1͒ϽeV − 2.43E J Ͻ ͑n − g͒ and + ͑n͒ by ͑n − g͒ϽeV − 2.43E J Ͻ n. In the first interval, for A ӷ A c , the system belongs to a universality class with values F N =1+2/9 and F J = 1. By tuning the voltage along the diagonal line, one periodically enters the interval + ͑n͒ where the Fano factors depend on the interaction, = ͑g + g −1 ͒ /2,
Interactions in the leads ͑g ᐉ 1͒ modify the above modulation, introducing a power-law behavior at the thresholds of each region. For strong repulsive interaction, g ᐉ Ͻ 0.5, the signature of the plasmons is completely lost, with an increase of F N and a depletion of F J ͑dashed curves͒. In Fig. 3 , the critical asymmetry A c is plotted in the plane XY, where X =1/2−N g − 1.5E J / E N + eV /2E N and Y =−1/2 + N g − 0.5E J / E N + eV /2E N . Note that Y = 0 corresponds to the transition line 0 → 1, Y = 0.03 to the line E 2→1 = , and X =0 to the line 1 → 2 ͓cf. Fig. 1͑a͔͒. In Figs. 3͑a͒ and 3͑b͒ , regions I and II are shown.
In both regions, near certain lines parallel to the X axis, we have r 2 = 1. Here, A c diverges and no super-Poissonian charge noise can be achieved. Away from these lines, increasing the voltage, A c decreases because of the increasing number of excited plasmons present in the output transition. These randomize the system and decrease the dwell time 1 renormalizing the output barrier having even A c Ͻ 1 for sufficiently high voltage.
B. Nonzero magnetic flux
For ⌽ 0, the degeneracy of the states with ±J is lifted. As a consequence, each transition line at ⌽ = 0 splits in two, and the lines then move in opposite directions when increasing ⌽ ͓Fig. 1͑b͔͒. This causes several effects in transport regions where J max −J min . Note that in this case the analytic diagonalization of the matrix M becomes extremely cumbersome, and it is then convenient to resort to numeric evaluation of F . 
C. Monte Carlo simulation
We conclude by presenting an interpretation of the influence of the time scales on the correlations. For this purpose, we have done a Monte Carlo simulation. 19 The time evolution of the system making transitions with fixed conditional probability is followed. A transition J → JЈ occurs with probability
We consider A ӷ A c and ⌽ =0. Figure 5 shows results of the simulation of tunneling events ͑black and white dots͒ at junction 2. Colored bars describe the sequences of J values: green bars denote J =0, and red bars the excited state with J = 2. We denote these two sequences as S 0 and S 2 . The average time interval between tunneling is 0 in S 0 and 2 in S 2 with corresponding average number of transitions n 0 = ͑1+r 1 ͒ / r 1 and n 2 = ͑1+r 1 ͒, respectively. Only without interactions ͓Fig. 5͑a͔͒ the tunneling events are uniformly distributed ͑ 0 = 2 ͒. The superPoissonian character of F N is due to inhomogeneous distribution of the time scales ͑ 0 2 ͒, with bunches of events separated by longer times. The bunching tendency can be present inside S 0 ͓Figs. 5͑b͒ and 5͑d͔͒ or inside S 2 ͓Fig. 5͑c͔͒. In all cases, F N Ͼ 1, independent of whether S 0 or S 2 are responsible for the bunching. However, bunching alone is not sufficient for F N Ͼ 1; if A Ͻ A c , bunching might still occur but the interplay of the two barriers gives F N Ͻ 1. The interpretation of F J is distinctly different. Here, the time scales 0,2 do not play any role. The important parameter is the number of event n 2 in which the ring is in the excited state J = 2. The condition F J Ͼ 1 is fulfilled only for n 2 Ͼ 2, independent of bunching ͓Fig. 5͑d͔͒.
The simulations also allow an estimate of the correlations times for the charge current, T N , and magnetization current, T J , which determine the relaxation dynamics for long times. This, at first glance, is only a qualitative description, which, however, can be confirmed by evaluation of the time-dependent solutions of the master equation. The sequences S 0 and S 2 have average duration times T 0 = n 0 0 and T 2 = n 2 2 . From Figs. 5͑b͒-5͑d͒ , one concludes that for the relaxation time of the angular momentum only the S 2 sequences contribute ͑red͒. Here ͉J͉ = 2 before a transition to J = 0, such that T J = T 2 . On the other hand, the charge correlation time is determined by the two sequences and is dominated by the smallest values of T 0 and T 2 since
IV. CONCLUSIONS
In summary, we have investigated zero-frequency shot noise of a 1D quantum ring attached to semi-infinite leads in the sequential tunneling regime. In addition to the usual charge current noise, we have identified a magnetization current shot noise that characterizes the fluctuations in the angular current in the ring and has distinctly different properties. For the charge current noise a Fano factor of larger than 1 indicates bunching and super-Poissonian statistics. This is closely related to the presence of interaction between the electrons in the ring and in the leads. For the magnetization current noise it is very difficult to achieve a Fano factor of larger than 1. It is independent of whether or not bunching occurs and is closely related to the occupation dynamics of angular states with J Ͼ 1. In our example, a magnetization noise Fano factor larger than 1 can only be reached when an inversion of the populating ratio is achieved, and this is done by attractive interactions in the leads. In order to verify the predicted effect experimentally, one needs to separate from the total noise the magnetization current contribution. This might be done by measuring the magnetization 20 of a single-wall nanotube ring 21 or semiconductor ring 22 attached to leads. 
